CagA, an important virulence factor of Helicobacter pylori, targets and interacts with a series of host proteins to activate signaling factors involved in many functions, such as development, cytoskeleton rearrangement and inflammatory molecule release. Despite extensive efforts, the relationship between CagA and gastric cancer is far from completely understood. Here, the GAL4 yeast two-hybrid system was used to screen cellular proteins for binding to CagA, and five cellular proteins, including tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, epsilon (YWHAE), were identified. The CagA-YWHAE interaction was further verified not only in vitro by a glutathione S-transferase pull-down assay, but also in vivo by immunolocalization and co-immunoprecipitation assays. In SGC7901 and AGS cells, overexpression of the YWHAE protein promoted the activation of NF-κB by CagA; conversely, knockdown of the YWHAE protein inhibited the activation of NF-κB by CagA. These results indicate that CagA enhances the YWHAE-mediated transactivation of NF-κB, providing a new clue to the molecular mechanisms of H. pylori-associated tumorigenesis mediated by CagA.
INTRODUCTION
Helicobacter pylori (H. pylori) infection has a global prevalence of approximately 50% and is associated with a series of gastroduodenal diseases, including carcinoma, ulcers and chronic active gastritis. Cytotoxin-associated antigen A (CagA), an important virulence factor of H. pylori, has been recognized as a bacterial oncoprotein (Wroblewski and Peek 2013; Nishikawa and Hatakeyama 2017) . CagA is translocated into infected host cells via the Cag-type IV secretion system and then targets host proteins such as Shp-2, Src, Abi, Csk, E-cadherin, ZO-1 and PLC-γ (Tohidpour 2016; Backert and Tegtmeyer 2017) . CagA subsequently activates signaling factors involved in numerous functions, such as development, movement, cytoskeleton rearrangement, inflammatory molecule release, suggesting a relationship between CagA and gastric cancer. However, although many partners of CagA have been discovered, the relationship between CagA and gastric cancer is far from fully elucidated.
YWHAE
(tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, epsilon), also named 14-3-3ε, is a member of the 14-3-3 family. Members of this family are approximately 30 kDa acidic polypeptides with highly conserved sequences that modulate multiple cellular functions, including adhesion, cell cycle regulation, signal transduction and malignant transformation (Aitken 2006; Wu et al. 2015) . YWHAE plays a protumoral role in gastric cancer cells as well as in colorectal cancer cells and renal carcinoma cells (Liou et al. 2007; Liang et al. 2009; Yan et al. 2013) . In addition, YWHAE expression is significantly increased in stomach tissue from H. pylori-infected Gulo −/− mice, especially in the mucosal layer (the primary location of H. pylori in the host), and knockdown of YWHAE increases the sub-G1 phase (a characteristic of apoptosis) in AGS cells (Nagappan et al. 2013 ). These observations suggest that YWHAE is involved in the occurrence and progression of H. pylori-associated diseases (including gastric cancer), but the exact role and mechanism remain to be established. In summary, CagA and YWHAE both correlate with gastric cancer. However, the relationship between CagA and YWHAE is not clear. Here, we identify YWHAE as a new cellular partner of CagA and demonstrate that CagA enhances YWHAE-mediated transactivation of NF-κB.
MATERIALS AND METHODS

Cell lines and cultivation
The human gastric cancer cell lines (SGC7901 & AGS) and the African green monkey kidney fibroblast-like cell line (COS-7) were purchased from Shanghai Institutes for Biological Sciences of Chinese Academy of Science and cultured in RPMI-1640 medium (HyClone Laboratories Inc., Logan, UT, USA), Ham's F12 medium (HyClone) and DMEM (HyClone), respectively, supplemented with 10% FBS (HyClone).
Bacterial strains and cultivation
Helicobacter pylori NCTC 11637 was a kind gift of the Chinese Center for Disease Control and Prevention, and NCTC 11637 cagA (a cagA knockout mutant, cagA − ) was constructed via homologous recombination with the recipient wild-type strain H. pylori NCTC 11637 (cagA + ) by our laboratory. Helicobacter pylori was cultured by the method reported previously (Zhang et al. 2015) .
Yeast two-hybrid assay
The pGBKT7-CagA bait plasmid was constructed by cloning the cagA gene (GenBank accession no. GQ161098.1) into the pG-BKT7 plasmid (Clontech, Palo Alto, CA) between the BamHI and PstI sites. The cagA gene was obtained by PCR with H. pylori NCTC 11637 DNA as the template and the primer pair 5 -CGCGGATCCGTACTAACGAAACTATTGAC-3 (forward) and 5 -AACTGCAGTTAAGATTTTTGGAAACC-3 (reverse). Expression of the GAL4 BD-CagA fusion protein by the AH109 yeast strain transformed with the pGBKT7-CagA plasmid was confirmed, and the fusion protein was detected by Western blot analysis using GAL4 DNA-BD Monoclonal Antibody (final concentration, 0.5 μg mL −1 ; Product no. 630403; Clontech).
Cellular proteins interacting with CagA were screened using the Yeast Matchmaker GAL4 Two-hybrid System 3 (Clontech). The protocol was modified based on a study by Chen's group (Chen et al. 2010) . First, AH109 yeast harboring the bait plasmid, pGBKT7-CagA, were mated with Y187 yeast pre-transformed with a human gastric mucosa cDNA library (constructed by our laboratory). Second, to retest the expression of ADE2, HIS3 and MEL1 (the three reporter genes), yeast diploid clones were streaked and cultured three times on SD/-Ade/-His/-Trp/-Leu/X-α-gal (5-bromo-4-chloro-3-indolyl-a-galactopyranoside) plates containing 3-AT (3-amino-1,2,4-triazole, 1.25 mM). Third, to verify β-galactosidase (β-gal) activity in cells, positive yeast clones were subjected to filter assays, including β-gal assays (of the heterozygotes obtained) to qualitatively evaluate the phenotypes of the heterozygotes and β-gal assays (of Y187 yeast transformed with the prey plasmids) to qualitatively evaluate the transactivation capacity of the prey plasmids. Fourth, the sequences of the prey plasmids isolated from the candidate clones were aligned and compared by BLAST. Finally, AH109 yeast were co-transformed with the individual positive prey plasmids and pGBKT7-CagA (the bait plasmid) to further verify the positivity.
GST pulldown assay
The pGEX-CagA expression vector was created by cloning the cagA gene into the pGEX-4T-1 plasmid (Amersham Biosciences, Bucks, UK) between the BamHI and XhoI sites. The primer pair used to amplify the cagA gene was 5 -CGCGGATCCACTAACGAAACTATTGAC-3 (forward) and 5 -CC GCTCGAGTCAAGATTTTTGGAAACC-3 (reverse). The prokaryotic expression and purification of pGEX-CagA or pGEX-4T-1 (as a control) were performed as previously reported (Jiao et al. 2011) .
The pCMVTNT-YWHAE plasmid used to translate the cellular YWHAE protein in vitro was generated by cloning the cDNA of the YWHAE gene into the pCMVTNT vector (Promega, Madison, WI, USA) between the EcoRI and SalI sites. The cDNA of the YWHAE gene was reverse-transcribed from the total RNA of SGC7901 cells as a template using the primer pair 5 -CCGGAATTCGCCACCATGGATGATCGAGAGGATCTG-3 (forward) and 5 -ACGCGTCGACTCACTGATTTTCGTCTTCCA-3 (reverse).
35 S-labeled YWHAE protein was prepared and used in GST pull-down assays with immobilized GST-CagA beads as previously described (Jiao et al. 2011) . 
Co-IP assay
For the coimmunoprecipitation (Co-IP) experiments, SGC7901 cells were infected by either H. pylori NCTC 11637 or 11637 cagA for 6 h at a MOI of 100, followed by washing three times with PBS. The co-cultured cells were then incubated in complete medium with 100 μg mL −1 gentamicin for an additional 18 h. Next, the infected SGC7901 cells were lysed using IP lysis buffer (Beyotime) containing protease inhibitor cocktail (Roche, Mannheim, Germany), and the soluble proteins were precleared with normal IgG ( 
Evaluation of NF-κB activation
NF-κB activation was detected by the luciferase reporter assay as previously described (Chen et al. 2015) . pNFκB-luc (firefly luciferase expression plasmid, Clontech) was transfected as a reporter vector, and pRL-TK (renilla luciferase expression plasmid, Promega) was transfected as an internal control to normalize the transfection efficiency. In each transfection, genomic DNA from salmon testis (Invitrogen, Carlsbad, CA) was employed to adjust the amount of DNA to equal levels. pCMVTNT-CagA (0.5 μg) and/or an equimolar amount of pCMVTNT-YWHAE were co-transfected into SGC7901 or AGS cells (2 × 10 5 ) with pNFκB-luc (0.33 μg) and pRL-TK (0.27 μg) using Lipofectamine 2000 (Invitrogen). The empty pCMVTNT vector served as a negative control. After transfection for 48 h, the cells were harvested, and luciferase activities were detected by the Dual-Luciferase Reporter Assay System (Promega). Each result represents the mean of five independent experiments performed in duplicate. pCMVTNT-CagA (0.75 μg) and/or YWHAE siRNA (14-3-3ε siRNA, 60 pmol, Santa Cruz Biotechnology) were co-transfected into SGC7901 or AGS cells (2 × 10 5 ) with pNFκB-luc (0.25 μg) and pRL-TK (0.25 μg) using XtremeGene siRNA transfection reagent (Roche). The empty pCMVTNT vector and a nontargeting siRNA (NC-siRNA) served as negative controls. After transfection for 72 h, the cells were harvested, and luciferase activities were detected as described above. Each result represents the mean of five independent experiments performed in duplicate (Note: The expression of the YWHAE protein in the presence of YWHAE siRNA was probed by Western blot using anti-YWHAE antibody.)
Statistical analyses
All results were analyzed by SPSS software (version 18.0; SPSS Inc., Chicago, IL). Data are presented as the mean ± SD. Student's t test was used to compare data between groups. Differences were considered statistically significant at P < 0.05.
RESULTS
Identification of YWHAE as a potential CagA-interacting protein by yeast two-hybrid screening
In the yeast screen, the gene encoding CagA, the 'bait' was inserted into the pGBKT7 vector to generate pGBKT7-CagA. The 'prey' was a human gastric mucosa cDNA library inserted in the pGADT7-Rec vector. In AH109 yeast, the expression of GAL4 BD-CagA (the fusion protein) was identified by Western blot (Fig. 1a, lane 2) . Seventythree yeast diploid clones successfully grew on SD/-Ade/-His/-Trp/-Leu/X-α-gal plates containing 3-AT (Fig. 1b) . After performing the filter β-gal assay to qualitatively evaluate the phenotypes of the heterozygotes obtained, 10 candidate yeast clones were discarded (Fig. 1c) . Further qualitative evaluation of the transactivation capacity of the prey plasmids revealed that 45 candidate prey plasmids stayed colorless after 8 h, which indicated that the insertion fragments in the prey plasmids alone could not transactivate the reporter genes. Thus, it was deduced that the expression of the reporter genes in the corresponding candidate heterozygotes was transactivated by the interaction between the CagA bait protein and the candidate prey protein, and the 45 candidates were retained (Fig. 1d) . After sequencing the cDNA inserts and alignment and comparison by BLAST search against NCBI databases, five interacting proteins were identified: YWHAE (GenBank ID: NM 006761.4) (Fig. 1e) , EEF1A1 (GenBank ID: NM 001402.5), ACTB (GenBank ID: NM 001101.3), PGA3 (GenBank ID: NM 001079807.2) and Synthetic construct hypothetical protein (GenBank ID: JN944176.1). The YWHAE-interacting clone was selected for subsequent analysis after co-transformation of AH109 yeast with the prey plasmid and pGBKT7-CagA (the bait plasmid) to confirm the positive result (Note: Studies of the other four interacting proteins will be reported in separate papers). 
Interaction between CagA and YWHAE in vitro
To verify the direct interaction between CagA and YWHAE in vitro, pull-down assays were performed. The GST and GST-CagA fusion proteins were both expressed in Escherichia coli after induction by isopropyl-β-D-thiogalactopyranoside, and the proteins were purified via glutathione-Sepharose beads as shown in Fig. 2a . The 35 S-labeled YWHAE protein was translated successfully in vitro using the TNT T7 Coupled Reticulocyte Lysate System, with pCMVTNT-YWHAE and 35 S-methionine (Fig. 2b, lane   1 ). The 35 S-labeled YWHAE was retained when reacted with the bead-bound GST-CagA fusion protein (Fig. 2b, lane 3) but not the bead-bound GST control protein (Fig. 2b, lane 2) . This result suggests that the CagA protein can directly interact with the YWHAE protein.
Interaction between CagA and YWHAE in vivo
To assess the intracellular co-localization of the CagA and YWHAE proteins, an immunolocalization experiment was performed with H. pylori NCTC 11637-infected SGC7901 or AGS cells. Visualization by confocal microscopy revealed that the CagA protein was distributed primarily in the cytoplasm, as well as in the nucleus. The localization of the YWHAE protein was similar to that of the CagA protein and was consistent with previous reports (Brunet et al. 2002; Tang et al. 2013) . We observed a high degree of CagA and YWHAE co-localization in cells (Fig. 3a) . We further infected SGC7901 cells with H. pylori NCTC 11637 or 11637 cagA and performed Co-IP assays. The anti-CagA antibody immunoprecipitated endogenous YWHAE (Fig. 3b) , indicating an in vivo interaction between CagA and YWHAE in SGC7901 cells.
To further verify the interaction between CagA and YWHAE in vivo, Cos-7 cells were co-transfected with a eukaryotic expression vector harboring either Myc-tag-YWHAE or FLAG-tag-CagA. Consistent with the results above, anti-FLAG antibody (which binds FLAG-tag-CagA) immunoprecipitated Myc-tag-YWHAE (Fig. 3c) . In addition, anti-CagA antibody immunoprecipitated YWHAE protein from AGS cells cotransfected with either pCMVTNT-YWHAE or pCMVTNT-CagA (Fig. 3d) . These results all support our assertion that CagA interacts with YWHAE in vivo.
CagA enhances YWHAE-mediated NF-κB activation
SGC7901 and AGS are both gastric adenocarcinoma cell lines, but their sources and degrees of differentiation are different. These two cell lines are usually employed in the same experiments by gastric carcinoma researchers (Wu et al. 2014; Zheng et al. 2016) , which may improve the reliability of the experimental results.
NF-κB activation in SGC7901 cells
To evaluate the effect of the CagA-YWHAE interaction on NF-κB activation in SGC7901 cells, SGC7901 cells were co-transfected with pCMVTNT-CagA and pCMVTNT-YWHAE. pNFκB-luc was employed as a reporter vector, and luciferase activity, which represented the level of NF-κB activation, was assessed. The increase in the luciferase activity of SGC7901 cells co-transfected with pCMVTNT-CagA and pCMVTNT-YWHAE (Fig. 4a , SGC7901 lane 4) was significantly higher than that of cells transfected with pCMVTNT-CagA (Fig. 4a , SGC7901 lane 2; P < 0.05) or pCMVTNT-YWHAE (Fig. 4a , SGC7901 lane 3; P < 0.05) alone.
In contrast, when YWHAE was knocked down in SGC7901 cells by siRNA (Fig. 4b, SGC7901 lane 1) , the luciferase activity of SGC7901 cells transfected with pCMVTNTCagA (Fig. 4c, SGC7901 lane 4) increased only slightly compared to that of cells harboring pCMVTNT (Fig. 4c , SGC7901 lane 3; P > 0.05), and this difference was not significant. As a control, when SGC7901 cells were transfected with NC-siRNA as a control with normal YWHAE expression levels, the increase in luciferase activity was significantly higher in cells co-transfected with pCMVTNT-CagA (Fig. 4c, SGC7901 lane 2) than in those harboring pCMVTNT (Fig. 4c , SGC7901 lane 1; P < 0.05). In contrast to cells with normal YWHAE expression, CagA had almost no capability to activate NF-κB in SGC7901 cells with low YWHAE expression (P < 0.05).
NF-κB activation in AGS cells
Similar effects on NF-κB activation were observed in AGS cells. The increase in the luciferase activity of AGS cells co-transfected with pCMVTNT-CagA and pCMVTNT-YWHAE (Fig. 4a , AGS lane 4) was significantly higher than that of cells transfected with pCMVTNT-CagA (Fig. 4a , AGS lane 2; P < 0.05) or pCMVTNT-YWHAE (Fig. 4a , AGS lane 3; P < 0.05) alone.
In contrast, when YWHAE was knocked down in AGS cells by siRNA (Fig. 4b, AGS lane 1) , the luciferase activity in cells co-transfected with pCMVTNT-CagA (Fig. 4c , AGS lane 4) in- The SGC7901 or AGS cells were co-transfected with pCMVTNT-CagA and YWHAE siRNA. pNFκB-luc and pRL-TK were employed with the same function as above. The transfection of the empty pCMVTNT vector and the NC-siRNA served as negative controls. After the transfection for 72 h, the cells were harvested. The relative luciferase activities were detected. Each transfection was performed in duplicate. All data were showed as the mean ± SD of five experiments. In addition, each P value was derived from a paired-samples t-test; meanwhile P < 0.05 was considered statistically significant. The single asterisk denotes P < 0.05 for comparisons with the 'CMVTNT' group, and the double asterisks denote P < 0.05 for comparisons with the corresponding group directed in each figure. creased merely (0.166 ± 0.072)-fold compared with cells harboring pCMVTNT (Fig. 4c , AGS lane 3; P < 0.05). As a control, when YWHAE expression was at normal levels in AGS cells containing NC-siRNA, the increase in the luciferase activity of cells harboring pCMVTNT-CagA (Fig. 4c , AGS lane 2) was significantly higher than that of cells harboring pCMVTNT (Fig. 4c , AGS lane 1; P < 0.05). Compared to cells with normal YWHAE expression, CagA had lower capability to activate NF-κB in AGS cells with low YWHAE expression (P < 0.05).
These results all suggest that CagA activates NF-κB through the interaction between CagA and YWHAE in SGC7901 and AGS cells.
DISCUSSION
As an acknowledged virulence factor, H. pylori CagA may interact with host proteins with a variety of functions (Tohidpour 2016; Backert and Tegtmeyer 2017). To further elucidate the relationship between CagA and gastric carcinoma, the identification of additional CagA-interacting partners is of interest. The yeast two-hybrid screening assay can detect the cumulative effects of gene expression products and thus reveal temporary or weak protein interactions more easily than other screening assays, such as Co-IP and GST pull-down assays. In this study, the yeast two-hybrid screening assay indicated that YWHAE is a novel CagA-interacting protein, and the GST pull-down assay subsequently confirmed that the CagA protein can interact directly with YWHAE in vitro. Furthermore, immunolocalization upon bacterial infection and Co-IP assays after infection or transfection verified the interactions of these proteins under in vivo conditions. Taken together, these results indicate that YWHAE is an interaction partner of CagA. Nagappan et al. (2013) observed a significant increase in YWHAE expression in the stomach mucosal layer tissue infected with H. pylori, implicating YWHAE in diseases associated with H. pylori. In SGC7901 cells, Yan et al. (2013) found that overexpression of YWHAE activated the ERK/MAPK pathway and increased cell proliferation, migration and invasion, indicating a protumoral role of YWHAE (Liou et al. 2007; Liang et al. 2009 ). Thus, we speculate that CagA acts as a bacterial-born carcinogen via YWHAE in host cells.
The transcription factor NF-κB, which regulates diverse biological processes, is essential for H. pylori-initiated chronic inflammation. Chronic inflammation is considered an important risk factor for H. pylori-associated tumorigenesis (Lamb and Chen 2013) , and thus the exact function of CagA (as a main virulence factor) in the NF-κB activation mediated by H. pylori has attracted considerable attention (Lamb et al. 2009; Suzuki et al. 2009; Lamb and Chen 2013; Lamb et al. 2013) . Suzuki et al. (2009) showed that CagA can interact with c-Met to trigger persistent activation of PI3K/Akt, which successively activates β-catenin and NF-κB. Lamb et al. (2009 Lamb et al. ( , 2013 confirmed that CagA activates NF-κB through TRAF6-mediated Lys 63-ubiquitination and activation of TAK1. Notably, the YWHAE protein has been reported to regulate NF-κB activity. Ko et al. (2013) demonstrated that the YWHAE protein significantly increases the nuclear translocation of NF-κB (p65) and enhances NF-κB activation. Zuo et al. (2010) reported that the YWHAE protein appears to be a scaffold that associates with TAK1 and the TAK1-interacting partner PPM1B to modulate TAK1-mediated NF-κB activation.
In this study, we examined the influence of the interaction between CagA and YWHAE on NF-κB activation. Overexpression of YWHAE promoted the activation of NF-κB by CagA; conversely, knockdown of YWHAE protein expression inhibited the activation of NF-κB by CagA. Thus, we deduced that CagA binding to the YWHAE protein causes YWHAE-mediated NF-κB activation. We also observed that the CagA protein retained some capability to activate NF-κB in AGS cells when YWHAE expression was knocked down, which may be related to the lower silencing effect of commercial siRNA in AGS cells. In a future study, we will construct a short hairpin RNA lentiviral expression plasmid targeting the YWHAE gene. We will also examine TAK1, which is involved not only in CagA-associated NF-κB activation (Lamb et al. 2009 (Lamb et al. , 2013 but also participates in NF-κB activation mediated by YWHAE (Zuo et al. 2010) ; thus, TAK1 may represent an interconnected node protein.
In conclusion, we determined that the CagA protein of H. pylori can interact with the YWHAE protein of the host and enhance YWHAE-mediated transactivation of NF-κB. The YWHAE protein plays roles in multiple aspects of cancer, including proliferation, migration and invasion. Our finding that NF-κB activation is mediated by this interaction raises many additional questions. Does CagA binding to YWHAE direct signaling for proliferation, apoptosis, or even invasion and metastasis? Are these changes in signaling pathways related to NF-κB activation? In addition, the exact binding sequence, the molecular mechanism of NF-κB activation mediated by this interaction, and the relationship among TAK1, CagA and YWHAE remain to be elucidated. Comprehensively addressing these questions will undoubtedly contribute to the understanding of the CagAmediated pathogenesis of H. pylori and further research on H. pylori-associated gastric cancer. Conflicts of interest. None declared.
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